ABSTRACT: The avalanching of granular material at slope angles between the angle of repose and the angle of maximum stability, such as on a sandpile or on the lee (slip) face of a sand dune, typically produces droplet-shaped flows that consist of a well-defined head at the front. We have performed the first experiments on granular materials using the particle-image velocimetry (PIV) technique, in which we have studied avalanching flows of sand for different surface properties. Our results suggest that the presence of a deformable bed (layer of loose or erodible particles) on the surface is a necessary condition for the occurrence of these flows. We measured for the first time the surfacevelocity field in avalanches propagating at angles between the angle of repose and the maximum angle of stability, and observed a transition in the flow behavior with downstream distance, from a surface-like flow to a compressing flow that has the characteristics of a shock wave propagating through the deformable bed. Measurements for sand avalanches seem to indicate that the features of this transition depend on the inclination angle of the surface in the small range between these two critical angles. The results suggest that grainflow laminae and scoria cone flanks, for example, are formed by flows that in their upper part propagate as a surface flow, and in their lower part propagate as a shock wave near the surface of the debris pile.
INTRODUCTION
One of the most important mechanisms of particle transport and deposition on the lee or slip face of sand dunes is the avalanche of grains, or grainflow, which produces grainflow laminae (Collinson 1978) . In a sand dune, particles are deposited on the upper part of the lee face via wind. Once a sufficient number of these particles has accumulated, they flow down the slope in a coherent mass of highly interacting grains-the avalanche. This type of avalanche is in many respects the same as that which arises on scoria cones fed by fountaining of pyroclastic fragments (McGetchin et al. 1974 ), on stratovolcanoes with summit domes that collapse to produce block-and-ash flows (Freundt and Bursik 1998) , on talus cones fed by dry bedrock channels (Selby 1993) , on mountain ridges with oversteepened snow cornices, and in a number of industrial applications, such as in a cement plant that stores a variety of granular solids in piles fed by conveyor from above (Metcalfe et al. 1995) .
A fairly large number of studies have been conducted that characterize the relationship between wind velocity pattern at the surface of a dune, dune morphology and dune migration (Tsoar 1983; Wippermann and Gross 1986; Watson and Lancaster 1987; Mulligan 1988; Lancaster 1989; Nelson and Smith 1989; Wiggs 1993; McDonald and Anderson 1995; Yoon and Patel 1996) . Airflow over the stoss side of a dune is the primary agent responsible for a dune's shape. It controls the rate of erosion on the stoss side, as well as the rate of deposition on the lee side. To fully understand the sediment transport processes that take place on a dune, however, it is necessary to characterize particle displacement due to avalanches and other processes-such as saltation-on the lee side. Thus, a characterization of the flow behavior of sand avalanches under conditions similar to those on dune slopes should contribute to a better understanding of the processes that influence dune morphology.
The frequency of sand avalanches on dunes is largely controlled by the deposition rate of sand grains due to wind currents (Lancaster 1988; McDonald and Anderson 1995) . On a short time scale, however, the rate of transport of particles by sand avalanches is not the same as the deposition rate due to the wind, with the upper part of the slip face temporarily acting as a site of storage. This is because the transport of sand by avalanches is controlled by the slope angle (Jaeger et al. 1989; McDonald and Anderson 1995) . If the slope of the dune is lower than the angle of repose for the sand, r , then no avalanches occur. With deposition of sand on the upper slope segment of the slip face, however, the mean slope angle steepens. Once the slope angle exceeds the angle of repose for the sand, then an avalanche may occur. If the slope angle exceeds the maximum angle of stability, m , an avalanche will be triggered. Thus a regime between the angle of repose and the maximum angle of stability prevails on a sand dune slip face during active avalanching.
The form of a scoria cone is also conspicuously dependent on the avalanching of grains near the angle of repose. Progressive growth of Northeast crater allowed for the interpretation of the growth sequence of a typical scoria cone (McGetchin et al. 1974) . Scoria cones are composed almost entirely of lapilli-size scoria and ash that were solid, although often incandescent, upon impact. Cone growth proceeds as a series of accumulation and avalanche events. Scoria fallout is concentrated at a point within the topographic rim of a crater, thus fallout on the outer wall of a cone is greatest at the rim itself. Because of the consequent oversteepening of the top of the cone, the cinders frequently, and quasi-periodically, avalanche to bring the slope of the outer wall down to 31-38Њ, the angle of repose for the unconsolidated scoria. In contrast to the intermediate-sized pyroclasts that constitute the greater part of the cone, the largest pyroclasts often roll to the base of the cone upon impact and accumulate in an apron. The smallest pyroclasts are generally carried downwind and accumulate in a fine rich deposit on the downwind side of the cone. Thus, much of the flank of a scoria cone is composed of a relatively well-sorted accumulation of pyroclasts that were deposited by granular flow between r and m .
Flows at high concentration and high deformation rates ( Ͼ m ) have been investigated extensively by Savage and coworkers, and numerous others (see references in Savage 1989) . A continuum-mechanics approach considering grains as molecules of a granular fluid was introduced for this rapid flow regime by Haff (1983) , whereas hydrodynamic approaches were used for quasi-static flows by Edwards (1990) . Furthermore, computer models using cellular automata that take into account the inelasticity and the volume-filling properties of the material (lattice grain model, e.g., Gutt and Haff 1990) , and granular dynamics simulations (e.g., Campbell and Brennan 1985; Poschel 1993 ) were developed to model chute (and Couette) flows.
Although dry granular flows have been investigated extensively, most studies are primarily theoretical (as above), and those of flow on planes and in chutes have concentrated on slopes of Ͼ m . Few studies provide experimental insights that can be used to support or verify grain flow models under conditions of what has been called self-organized criticality, i.e., r Ͻ Ͻ m . Measurement of particle velocity is an important tool to showing the onset and the shape of a sand avalanche moving on a layer of loose sand particles (bright area) on a particulate surface (dark area) with a slope angle of 31Њ. The flow direction and the head and the scarp of the flow are indicated on the pictures. The point of pouring is at the left edge of the pictures. The exposure time was 100 ms, the time between consecutive pictures was 144.5 ms. The top of the plane is located at the left side of the pictures. A) Initial failure of the depositional bump, B) droplet shape and scarp have formed, the particle streaks indicate the propagation of the head, C) avalanche has increased its length and width, scarp has retreated. The width of the avalanche is on the order of several centimeters (see scale in first picture).
provide verification, and thus can contribute significantly to a better understanding of grain-flows. In addition to the investigation of vertical velocity structures in grain flows (e.g. Drake 1990 , Savage 1979 , the lateral velocity structure must also be measured in order to fully understand flow behavior. So far, the investigation of lateral flow behavior has concentrated on flow morphology (e.g., Pouliquen et al. 1997 , McDonald and Anderson 1995 rather than on the velocity structure. The purpose of this study is to fill this hole in the experimental investigation of granular flows.
In the present work our major goal is to understand the kinematics of grain flows (in planimetric view) that originate under conditions similar to those that arise on a sandpile or on the slip face of a sand dune by applying a new technique of measuring velocity, particle-image velocimetry (PIV). We seek to determine the relationship between the grain flow itself and the particle motion. Avalanches were created in the laboratory by pouring granular material on an inclined plane that was held at r Ͻ Ͻ m . Measurements with loose and firm bed profiles using well-sorted sand were made and compared to each other to determine the effects of a deformable bed (i.e., a layer of loose particles that can be entrained into the flow or set into motion by the flow) and the inclination angle on the flow kinematics. On the basis of preliminary visual observation, our working hypotheses were that avalanching cannot occur between the angle of repose and the maximum stability angle without a deformable bed (or entrainment of bed material into the flow), and that sandpile avalanches exhibit a characteristic transformation in flow behavior during downstream motion from a surficial flow of mostly saltating (colliding) grains, to compressing or shock-like (frictional) movement within the bed. The understanding of the kinematics of sand avalanches gained from this study could provide information to explain the internal structure and the velocity distribution of particles in the natural flows, form the basis for further development of the theory of their dynamics, and provide the basis for a renewed understanding of grain-flow lamination.
EXPERIMENTAL SETUP
The experimental setup consisted of a simple mechanism for pouring granular materials onto an inclined plane at a controlled rate (Fig. 1) . Granular material was poured out of a bulb pipette onto an inclined plastic plane (length, 65 cm; width, 29.5 cm) . A shaker consisting of a motor with an eccentric shaft placed the pipette in vibration to guarantee a consistent flow of material onto the incline. To avoid any influence of the vibrations on the inclined plane, a layer of damping material was placed under the shaker. The slope of the plane was held at approximately the angle of repose r or near the maximum angle of stability m of the granular material. After a brief period of accumulation on the surface, the maximum angle of stability m was reached and an avalanche was formed, returning the slope angle of the granular material to its former value. The inclined plane was illuminated by a variable-speed strobelight.
The 2-D velocity structure of the avalanche surface was computed using the commercially available particle image velocimetry (PIV) system by TSI Incorporated that consisted of a charge-coupled device (CCD) camera to image the avalanches, and the proprietary software, TSI Insight, to calculate the surface particle velocities. The direct imaging of avalanches on a sandpile turned out to be impractical, because the changing size and shape of a sandpile would have made the refocusing of the camera after each avalanche necessary. The software program used an autocorrelation method to compute the particle velocities (Keane and Adrian 1990; Westergaard and Buchhave 1993; TSI manual) . This method is usually applied to doubleexposed pictures. It calculates the particle velocity at a point by taking an area around that point (reference area) and comparing it to an area in its neighborhood by calculating the autocorrelation function (self similarity) between the two. The distance between the reference area and the area that yields the highest correlation is a measure of the particle displacement at the location of the reference area on the double-exposed picture.
The PIV method has been used to yield very good results for rarefied particle flows in homogeneous medium (e.g., sand grains in water) (Cheng et al. 1997 ). In our experiments, however, particles were very densely packed, influencing each other by collision. This led to the submergence of surface particles, making it difficult to trace their displacement. To enhance the reliability of our measurements, we therefore increased the number of exposures on one picture. Thus, it was possible to obtain more particle traces, improving the accuracy of our velocity measurements. To ensure that the autocorrelation method was calculating the particle displacement between two consecutive exposures on the multiple-exposure picture, we compared the displacements of tracer particles calculated by the autocorrelation method with the visual displacement obtained for the same particles for two sequential exposures of one sand-flow picture. The best velocity measurements were obtained with a camera exposure time of 100 ms and a strobelight frequency of 150 Hz, leading to 15 exposures on one picture. Electrostatic effects influencing the flows were not observed. To obtain a surface with a roughness matching the size of the particles present in the flow, a single layer of sand grains was glued onto the surface of the initially smooth plastic plane. Experiments were performed by pouring the sand particles onto a stationary layer of loose sand that was created by former avalanches and was lying on top of the roughened plastic plane (deformable bed with a thickness of several grain diameters). The purpose of this was to create a working surface that resembled those in natural conditions (e.g., sand dunes). Additional experiments were done by pouring the sand directly onto the roughened plane. We used well-sorted sand (playground sand) of a grain diameter between 0.3 mm and 0.5 mm and a density between 2.6 kg/m 3 and 2.8 kg/m 3 .
QUALITATIVE DESCRIPTION OF TYPICAL EXPERIMENTS

Rough Plane Coated with a Layer of Loose Sand Grains (Deformable Bed)
Considering the experiments made with a layer of loose sand particles, we observed the behavior described by McDonald and Anderson (1996) . The sand poured onto the surface first accumulates and creates a depositional bump at the top of the plane. After the slope of the bump reaches the maximum angle of stability a small avalanche runs down the incline, leaving a scarp at its origin (Fig. 2) . The slope of the scarp is greater than the maximum angle of stability, leading to a continuous flow of particles. Hence, the scarp retreats towards the upper end of the bump, feeding the flow by releasing new particles into it (Fig. 2B, C) . The resulting avalanche carries considerably more particles compared to the initial failure because of the entrainment in the scarp region.
The avalanche has a droplet shape, and its geometrical properties in planimetric view can be seen in Figure 2 . While flowing down the plane, the head spreads, increasing its width significantly. The width of the flow is greatest at the head and decreases towards the tail. Those particles pushed to the edge of the flow as it widens lose momentum and eventually stop. This leads to the formation of levees at the left and right borders of the flow as the avalanche moves down the plane.
For experiments at an inclination angle of ϭ 31Њ ഠ r , a visible change in flow behavior takes place during propagation. At first the avalanche flows on top of the layer of sand, the particles spread rapidly, rolling and saltating over the particles in the stationary layer. In pictures that capture this flow behavior, which we will refer to as a surface flow, one can clearly recognize the border of the head and the streaks made by the flowing particles indicating an outward flow that results in the spread of the avalanche head (Fig. 3A) .
At some point downslope, the avalanche head starts to compress the material in front of the tip. The flow then seems to propagate through the sand like a wave or, more correctly, a shock, accelerating the stationary particles at its front, rather than flowing over the sand layer. In the corresponding pictures for this compressing flow (Fig. 3B) , a small blurred region at the tip of the head is apparent. In this area the stationary sand is being compressed by the avalanche head, resulting in an acceleration of the particles in the stationary sand layer. In the body of the avalanche head the particle streaks are not as obvious as they are when the particles flow atop the stationary layer. At an inclination of ഡ m , one does not see this transition from sand flowing atop a stationary layer to sand compressing and accelerating stationary particles at the front. The avalanche seems to flow atop the surface of stationary particles as long as it remains on the inclined plane.
Rough Plane without a Loose Sand Layer (Nondeformable Bed)
The characteristics of a sand avalanche flowing on an inclined plane without a deformable bed of loose sand appear to differ significantly from those for which the loose sand layer is present. Again, the sand introduced to the surface first forms a depositional bump and when the maximum angle of stability has been exceeded an avalanche starts to flow down the plane. After the head has reached the downstream edge of the loose sand layer (deformable bed) created by the preceding flows, the avalanche propagates onto the rough but nondeformable surface, decelerates rapidly, and stops after a short distance, increasing the length of the deformable layer by a small amount.
EXPERIMENTAL RESULTS OF PIV MEASUREMENTS
We now discuss the results of the PIV velocity measurements made for sand on a rough surface with and without a stationary layer of loose particles.
The entire velocity field in planimetric view could not be calculated at a single time for a variety of reasons. First, to obtain particle velocities, the camera position had to be close enough to the flow to resolve single particles. In addition, the flow field accessible to measurements was limited by the nature of the autocorrelation algorithm. The finite size of the interrogation area investigated by the algorithm to evaluate the velocity, resulted in a stationary and a flowing part being imaged simultaneously at the border of the avalanche, making it impossible to assign a definite velocity value to that area. Flow inhomogeneities in the tail, arising from the interactions of the flowing particles with the deformable bed, led to signal-to-noise ratio values greater than the allowed limits. Both effects caused a decrease in the total avalanche area available for measurements, cutting away a strip at the border and a part of the back of the avalanche. The latter effect is of no importance to our studies, because our attention is mainly directed (Fig. 4A) at y ϭ 2.8 cm. B) across-stream profile for the y component of velocity in the avalanche head (Fig. 4B ) at x ϭ 16.1cm. C) along-stream profile for the x component of velocity in the avalanche body (Fig. 4C) at y ϭ 3.3 cm. D) across-stream profile for the x component of velocity in the avalanche body (Fig. 4C ) at x ϭ 19.8 cm.
towards the head of the flow. The unavailability of velocity data at the border, however, led to a potentially important loss of information about the avalanche structure. The influence of this on the conclusions that can be made about the flow behavior will be discussed later.
In the pictures, the x axis specifies the downstream distance from the point of pouring and the y axis specifies the lateral dimension of the flow.
Sand Flow on a Stationary Layer of Loose Sand (Deformable Bed)
Plane with a Slope Angle of ‫؍‬ 31؇ ഠ r .-The angle of repose was determined by earlier experiments in which sand was poured onto the plane for different inclination angles. The angle for which the first continuous downward flow (after a small excitation) could be observed was chosen as r . In Figure 4 one can see the velocity distribution of an avalanche near the beginning of its downward propagation, moving from left to right. The avalanche at this time exhibits the surface-flow behavior. The particles with a large component of velocity in the downstream or x direction (Fig. 4A ) are located in a broad region in the center of the head. Figure 5A shows a longitudinal cross section of the distribution of the x component of the particle velocity at y ϭ 2.8 cm. The maximum magnitude of the x component occurs near the middle of the head, and an increase towards a secondary local maximum at the front tip can be seen. Figure 4B shows the distribution of the component of velocity in the lateral or y direction of the avalanche. Looking downstream, the outward flow can roughly be divided into two areas of negative and positive magnitudes, indicating a particle motion towards the left border and the right border of the avalanche, respectively. This results in the spread of the avalanche. However, there is no distinct border separating the positive and negative values. The lateral cross section computed at an x value of 16.1 cm (Fig. 5B) indicates that the distribution of the y component of velocity is not necessarily symmetrical about the longitudinal axis of the avalanche, nor are the absolute values of the maxima of the y components on opposing sides of the flow always equal. The area of high lateral speed is limited to a small region at the front, although the particles in the rest of the head do have a component of velocity in the y direction that leads to an outward flow.
Figures 4C and D show the velocity distribution shortly after the head of the avalanche has passed the field of view. The area of maximum particle speed in the x direction remains visible in the middle section (Fig. 4C) and decreases towards the tail of the flow (Fig. 5C ). The lateral particle speeds (Fig. 4D) are lower in the tail and body than they are in the head (Fig.  4B) .
Two other characteristics of an avalanche moving on a deformable bed are worth discussing. The appearance of a local maximum for the x component of the particle velocity in the middle of the flow is clear (in Fig.  5A at x ഠ 10.5 cm). This could be caused by gravity surface waves, which lead to a variable thickness of the downgoing avalanche and ultimately to areas that are out of focus during the recording. We thus should have observed regions in the flow where no velocities could be calculated. In most of the recordings, however, it was possible to obtain the particle velocities for the whole avalanche. Therefore, we think a different mechanism is responsible for the observed local velocity maximum. Unlike most subsonic fluid flows (Newtonian fluid flows), granular flows can be compressed or dilated significantly during downstream motion. Parts of the avalanche body can exhibit a motion relative to each other, leading to the observed local maxima and minima of the downstream velocity.
The other notable feature is displayed in Figure 5D (at x ϭ 19.8 cm). The plot shows a cross section of the x component of the particle velocity. It has its maximum in the middle of the flow, decreasing towards the borders. This is typical for flows that exhibit high shear rates between stationary and moving particles at the flow borders.
After a flow has made the transition from a surface to a compressing flow, the velocity distribution of the particles in the flow looks significantly different from that described above. In the head of an avalanche at the bottom of the plane after the transition has occurred, the maximum in the x component of the particle velocity is located far behind the front and there is no maximum at the tip (Fig. 6A) . A longitudinal profile of the x component of velocity (Fig. 7A) shows velocity decreasing towards the tip. The maximum value of the downstream speed of the particles is only about half the maximum value measured for particles in the avalanche at the top of the plane (Fig. 5A) . During compression the avalanche still exhibits an outward flow (Figs. 6B, 7B) but with a magnitude approximately five times smaller than the lateral speed of the avalanche at the top of the plane (Fig.  4B) . Measurements for the body and tail of this compressive flow show no significant difference in terms of magnitude and variability of the particle velocity components compared to measurements made for avalanches exhibiting the surface-flow behavior (Fig. 4C, D) .
Plane with a Slope Angle of Approximately ‫؍‬ 34؇ Յ m .-The maximum angle of the plane for which a depositional bump could form was taken as the maximum angle of stability. The velocity distribution near the feeding area of an avalanche at a slope angle of approximately m is qualitatively the same as that for an avalanche at the top of a plane tilted at approximately r . The primary difference lies in the magnitude of the velocity. Owing to the greater slope angle, the particle velocities are greater for the avalanche on an incline sloping at 34Њ. In addition, the flow behavior of an avalanche on a slope of 34Њ does not change as the avalanche propagates downstream. Thus, the velocity distribution at the bottom of the plane has the same characteristics already discussed for an avalanche at the top of the plane and there is no visible transition from surface flow to compressing flow. It seems possible, however, that if the inclined plane was longer such a transition might occur.
Sand Flow without a Stationary Layer of Loose Sand (Nondeformable Bed)
The flow on a nondeformable bed (glued particles on plastic plane) could be observed only for a very brief period because of the rapid deceleration due to the high friction on the nondeformable bed. This made it very difficult to obtain particle velocity measurements for this flow type. Figure 8 shows the velocity field at the time when the avalanche passes beyond the deformable bed and propagates for a short distance onto the nondeformable bed. The inclination angle is 34Њ. The x component of the particle velocity (Fig. 9A ) has a maximum only at the front of the flow. We think this can be explained in the following way. When the first particles reach the nondeformable bed, the much higher bed friction causes them to decelerate rapidly. The granular material in the head is compressed by the persisting flow in the body and tail of the avalanche. After the force exerted onto the front particles by the flowing body and tail exceeds the friction force applied to the particles at the front by the nondeformable bed, the sand grains are suddenly pushed over the front. The lateral flow of the avalanche is much more distinct (Fig. 9B) , and its magnitude is significantly higher than in the flow on the deformable bed at 31Њ because of the increase in bed friction at the transition from the deformable to the nondeformable bed at the front of the flow.
ANALYSIS AND DISCUSSION
Particle velocities from the sand-avalanche experiments on a deformable bed, discussed in the preceding section, are compared to the resultant speed of the tip and the resultant speed of the left and right borders of the avalanche head to determine the relationship between particle motion and avalanche motion. The resultant tip speed and border speeds are the velocity components of the avalanche front and edges in the x direction and y direction, respectively. These are the velocity components of the avalanche as a whole as measured by differencing the distances traveled by the avalanche edges in the same timed exposures used for the PIV measurements, and are not necessarily the same as the components of the particle velocity that are measured by PIV. The analysis of the resultant tip and downstream particle velocities builds on the observations and experimental results, indicating a major transition in the flow behavior during the downward motion at 31Њ (Fig. 10) . For an inclination angle of 34Њ, the transition seems to be either incomplete or imperfect.
Flow on a Plane With a Slope Angle of ‫؍‬ 31؇ ഠ r
Tip Speed.-The experiment was conducted for two different camera distances with respect to the plane. First, the plane was divided into three sections (top, middle, and bottom of plane) and three avalanches were recorded in each section. Figure 11A shows a composite plot of the resultant tip speed of typical avalanches as a function of the distance in the x direction from the point of pouring. After the initial failure (x ϭ 7-8 cm), characterized by a small but increasing resultant tip speed, the downward motion of the avalanche is fed by the scarp and the resultant speed continues to increase for a short time until the avalanche reaches about the middle of the plane (x ഠ 27 cm), at which point the flow begins to slow down. The x component of the particle velocity at the tip, and the maximum x component of the particle velocity show the same qualitative and quantitative behavior, at first increasing (x ϭ 7-15 cm) then decreasing (x Ͼ 15 cm). In comparing the different velocities one can see that at the top of the plane (x ϭ 7-15 cm) resultant tip speed and downstream particle speed are of the same magnitude and show the same relationship to distance. After the particle speed reaches its maximum, however, the speed of the tip continues to increase, reaching a maximum at a greater distance down the plane. This results in a significant difference between the particle speed and the resultant tip speed. At the bottom of the plane, the resultant tip speed and the downstream particle speed decrease at the same rate (parallel slopes of the curves in Fig. 11A) .
To study the difference between downstream particle and tip speed in greater detail, an experiment with a camera position closer to the flow was performed. The plane was divided into five parts (top, top-middle, middle, middle-bottom, and bottom of the plane) and two avalanches were recorded for each part. Figure 11B shows the results for these experiments. There are not enough data points to describe the behavior of the resultant tip speed for avalanches right after the initial failure (top of plane), but as in Figure 11A the same discrepancy between particle speed and resultant tip speed for the middle and the bottom of the plane can be seen (x Ͼ 15 cm). The resultant tip speed is much higher than the particle speeds in this area. Particle speeds in the replicate experiment were approximately the same as those in the first experiment. The discrepancy observed in the two experiments between resultant tip speed and particle speed cannot be explained by an extrapolation of the downstream component of the particle velocity at the tip into the area inaccessible for measurements, because the magnitude of the x component decreases towards the front for avalanches at the bottom of the plane (Fig. 8A) . Hence, extrapolation would lead to particle speeds at the tip that are even lower than those recorded.
We think that the visible transition in the flow motion is related to the contrasting behavior of the resultant tip speed and x components of the particle velocities. At the top of the plane, where the avalanche exhibits the surface flow behavior, the resultant tip speed is of the same magnitude as the x component of the particle velocity in the head. In this region the motion of the avalanche is entirely described by particles flowing atop the deformable bed. After a short distance, the avalanche starts to compress material in front of the tip and the moving particles within the flow lose kinetic energy. The x component of the particle velocity in the head starts to decrease. Eventually, the resultant tip speed decreases because of the friction between the flowing particles and the deformable bed. The discrepancy between the resultant tip speed and the particle speeds in the lower part of the plane suggests that after the flow transition occurs the avalanche propagates through the sand medium like a shockwave, accelerating particles in the deformable bed at the front. In a reference frame in which the downward-moving avalanche is stationary, the particles at the front of the flow move upstream relative to the avalanche head with a decreasing velocity, until they reach the middle of the head. Their velocity relative to the head then starts to increase (i.e., they are rapidly decelerating in the laboratory reference frame).
Speed of the Left and Right Borders of the Avalanche Head.-To determine if spreading of the avalanche head (i.e., an increase in width) can be explained by the particle motion, the y component of particle velocity at the border was compared to the resultant velocity in the y direction of the left and right border (the spreading or widening of the flow, Fig.  12 ). Values for the velocities were taken at the position of maximum width in the avalanche head. The resultant velocity of the borders in the y direction decreases as the avalanche propagates down the plane. Thus, the avalanche head spreads rapidly near the scarp, and spreading almost stops at the bottom of the plane. In contrast to the measurement made for the downstream velocity, the y component of the particle velocity shows essentially the same behavior as the lateral speed of the left and right borders, but with a smaller magnitude. This is apparent in Figure 12 , where the resultant speed of the borders and the lateral speed of the particles at the borders is plotted together. In our opinion, the difference in the speed of the borders and the particles can be reasonably explained by the unavailability of measurements at the actual border of the flow, as mentioned earlier. The velocity profile in Figure 5B strongly suggests that the y component of the particle velocity increases into the area unavailable for measurements, leading to greater values at the true border of the flow. At the bottom of the plane, when the avalanche spreads more slowly, the gradient of the speed in the y direction at the border is shallow (Fig. 7B) and the difference between the actual border speed and the lateral particle speed at the border of the measurable area is smaller, as one can clearly see in Figure 12 . A rough estimate of the lateral particle speed at the border obtained for the top of the plane by extrapolation of the measured y component of the particles velocity into the area inaccessible to PIV interrogation yields values of the order of the resultant border speed and thus supports this explanation.
Flow on a Plane with a Slope Angle of ‫؍‬ 34؇ Յ m
For this experiment, the plane was divided into five parts in the downstream direction, and four avalanches were recorded for each part.
Tip Speed.-After the initial failure, the tip accelerates to a speed of approximately 25 cm/s over a distance of 20 cm (Fig. 13A) . Because of the greater inclination of the plane, the downstream acceleration component of the tip and the maximum tip velocity are greater than they are at ϭ 31Њ. Unlike the avalanches at a slope of 31Њ, the area with the highest particle velocity was always located at the tip. Despite the fact that the value of the maximum for the x component of the particle velocity is higher and is shifted towards the bottom of the plane within the flow, the plot of particle and resultant speeds shows the same characteristics as does that in Figure 11A , i.e., first acceleration and then deceleration with distance. In comparing the resultant speed of the tip with the downstream particle speed at the tip (Fig. 13A) , the maximum of the particle speed again drops below the resultant tip speed after the initial acceleration. For some experiments, we found that the x component of the particle velocity increases towards the tip, suggesting a higher particle speed in the area unavailable for measurements that would be of the same magnitude as the visible tip speed. Thus, we extrapolated the x component of the particle velocity towards the real position of the tip for these cases to find out if the extrapolated speed of particles at the tip matches the resultant tip speed. The extrapolated speed of particles in the tip is shown with the resultant tip speed and the particle speed at the tip of the measurable area in Figure 13A . The extrapolated values of the particle speeds seem to oscillate up to the value of the resultant speed of the tip. We think that this behavior is explained by a surging flow motion, which is suggested by visual observation. While the sand avalanche is flowing down the plane, an oversteepened bump of sand particles forms at the avalanche front because of frictional deceleration. After the slope of the bump exceeds the maximum angle of stability, m , sand starts to flow out of the bump. During this flow, the value of the extrapolated downstream particle speed at the tip matches the resultant speed of the tip. In Figure 13A , this surging is represented by the areas wherein the extrapolated particle speed values lie in the region of the values for the resultant tip speed. During the formation of the bump, the avalanche seems to propagate through the deformable bed like a shock wave and thus the extrapolated particle speeds are lower than the resultant tip speed. The avalanche thus begins to exhibit a similar transition from a surface flow to a compressing flow already discussed for flows at an angle of 31Њ, except for the fact that the transition starts farther downstream and thus might be incomplete because of the limited length of the plane. An alternative explanation would be that for inclination angles near 34Њ the transition in the flow behavior is imperfect, and compressing flow alternates with surface flow.
Speed of the Left and Right Border of the Avalanche Head.-The resultant lateral speeds of the left and right borders of the avalanche head measured at the maximum width and the corresponding magnitude of the y component of particle velocity component indicate that the decrease in the rate of spreading of the avalanche during propagation is of the same magnitude as for avalanches observed at 31Њ. The camera was positioned closer to the flow for this experiment compared to the experiment made with a 31Њ slope, effectively decreasing the width of the area inaccessible for PIV measurements. Thus, plotted together (Fig. 13B ), the discrepancy between particle and resultant speeds is smaller than for avalanches at an inclination of 31Њ (Fig. 12) . Again, the extrapolation of the y component of particle velocity into the inaccessible area is sufficient to explain the discrepancy. Thus, the particle speed in the y direction entirely describe the lateral spread of the flow for both slope angles.
CONCLUSIONS
The results of the experiments presented herein strongly suggest that a necessary condition for the occurrence of grain flows, on slopes between the angle of repose and the maximum angle of stability, is the presence of a deformable bed. Avalanches obtained under this condition were investigated using non-invasive particle-image velocimetry (PIV), an easy-to-use tool for the study of particle motion. Although PIV is normally used to calculate velocities of only a few particles in a homogeneous medium (i.e., sand in water), we were able to obtain good-quality results for the velocity of particles moving at the surface of a granular flow. Particle-velocity distributions evaluated with PIV were used to better understand the velocity of an avalanche and its relationship to particle velocity. Comparison of PIV particle velocity measurements with the resultant downstream velocity of a sand-avalanche tip supports the hypothesis that there exists a transition in flow behavior with downstream distance, from a surface flow of mostly rolling and saltating particles to a compressing flow within the bed. At the point of transition between these regimes, the resultant speed of the avalanche tip starts to differ from the particle speeds in a way that we think can be explained only by considering the avalanche as a shock wave propagating through the loose-sand layer (deformable bed). The transition in flow behavior seems to occur at a slope angle of r Ͻ Յ m , although the point of transition is located farther downstream at higher slope angle. Alternatively, the transition could be imperfect for flows on slopes approaching m . Further studies with longer runouts are necessary to highlight the exact dependence of the flow transition on the inclination angle at ഠ m . Although the downstream particle speed diverges with distance from the downstream speed of the avalanche tip at slopes between the critical angles, the spreading speed of an avalanche in the cross-slope direction is probably always the same as the cross-slope particle speeds. As one would expect, the cross-slope spreading rate decreases as the flow propagates. Preliminary experiments that we have conducted using steel shot and silicon carbide grains suggest an additional dependence of the flow transition on the grain size, grain shape, and the ability of grains to interlock, as well as the nature of the deformable bed. For instance, the shape of the avalanche in terms of its width and length largely depends on the size of the grains. Thus, fine granular materials form small-scale avalanches and vice versa. This contribution is meant to present the results of detailed laboratory experiments that may have implications for geological deposits. The results are particularly relevant to geological deposits of loose, dry fragments, built from flows active at or near the angle of repose. Examples of such deposits may include grainflow laminae on sand-dune slip faces, scoria on the flanks of Strombolian cones, talus, and perhaps even snow avalanche debris and block-and-ash flows. For such cases, deposition of avalanching grains may occur from a flow that in the upper portions of the metastable slope acts as a surface flow of rolling and saltating particles. At the bottom of the slope, compressional transport may occur as a shockwave propagates through the upper parts of the debris pile, redistributing particles to positions farther downstream.
